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Biomass is one of the renewable sources of bioenergy capable of significant contribution to the global future energy supply (WEC 2004) . Bioenergy generated from diverse sources provides local energy needs, reduces dependence on fossil fuel and help mitigate greenhouse gas effect. The main concern limiting bioenergy utilisation is its relative inefficient conversion technologies. However, anaerobic digestion of residue/waste materials from agricultural crops, animal production and agroprocessing industries could be a simple, efficient and low cost conversion technology.
Anaerobic digestion occurs when organic material is converted biologically in the absence of oxygen to gaseous product called biogas (Angelidaki 2002) . Studies on anaerobic digestion process of several organic residues/wastes have led to the understanding of their inherent conversion potentials and kinetics that resulted in the design, development, process control and optimisation of biodigesters. But to fully utilise biogas potentials from biomass materials, biogas production behaviour and potentials of more organic residue/waste materials are needed to be determined.
Several researches have been conducted to determine biogas potential of different organic substrates. Buswell and Mueller (1952) , Baserga (1998) and Raposo et al. (2011) proposed an empirical relationship that utilises the elemental or organic chemical compositions of biomass to estimate its theoretical maximum biogas yield. Hansen et al. (2004) , Wymyslowski et al. (2010 , Monch-Tegeder et al. (2013) and Zhang et al. (2013) investigated the biochemical methane potential of solid organic waste, poultry slaughterhouse waste, vinegar residue, horse manure and goat manure with crop residue using batch method, respectively. They determined the physicochemical compositions of substrate and developed an anaerobic assay for the biogas production. Chynoweth et al. (1993) , Labatut et al. (2008) , Feng et al. (2013) , Kheiredine et al. (2014) also investigated the influence of inoculum to substrate (I/S) ratio on biogas production by varying the amount of substrate added to inoculum. Effects of temperature and pH were also investigated (Hashimoto et al. 1981) . Simulation studies on biogas production and conversion kinetics for gelatin solid waste, co-digested horse and cow dung, water hyacinth and vinegar residue were carried out by Raghunathan et al. (2008) , Yusuf et al. (2011 ), Adiga et al. (2012 and Feng et al. (2013) , respectively, and their results showed that different substrates have different potentials and conversion kinetics. The objectives of this study were to evaluate the effect of inoculum to substrate ratio on biogas production of sheep paunch manure (SPM) under mesophilic conditions and to simulate the biogas production rates and accumulation.
MATERIAL AND METHODS
Sample collection, conditioning and characterisation. Inoculum. Two kilograms of fresh cow dung sample was collected at the Animal Farm, University of Maiduguri, Nigeria and taken to the Agricultural and Environmental Resources laboratory of the same institution for experiment. To adapt the inoculum to mesophilic conditions, 200 g of the cow dung was diluted in distilled water to 10% dry matter (d.m.) and transferred into a 4 l glass bottle. The headspace of the 4 l glass bottle was flushed with a gas mixture of 80% N 2 and 20% CO 2 and closed with a thick rubber septum which was held tight by a resin. The inoculum solution was then incubated in a water bath at 35 ± 1°C. During incubation, the inoculum solution was degassed completely by allowing gas build-up in the headspace to escape via a valve controlled tube.
Substrate. Two kilograms of fresh SPM was collected at an Animal Slaughter House, Maiduguri, Nigeria. The sample collected was stored over ice and delivered to the laboratory for experiment and analysis. Three sub-samples of 100 g of SPM were collected and diluted to 15%, 10% and 5% d.m. and transferred separately into 2 l glass bottles and stored at 5°C. Stock solutions were prepared based on the recommendation of Angelidaki (2002) . This involves dissolving certain quantities of the chemicals in group (a), (b) and (c) separately in 1 l of distilled water. Samples of 10, 1 and 1 ml were collected from stock solutions (a), (b) and (c), respectively, and then added to 988 ml distilled water to obtain a nutrient medium used for the experiment.
Physicochemical composition analysis. Fresh samples of inoculum and SPM were analysed for total solids (TS) and volatile solids (VS) content according to the standard method of the American Public Health Association (APHA 1992). TS was determined by oven drying the sample at 95°C until there was no change in weight. The TS was further oven dried for 1 h at 550°C to determine the proportion of organic matter (VS) lost in the dried sample. The proportions of carbohydrate, crude protein, crude fat, crude fibre and ash content of SPM substrate were determined by proximate analysis at the Soil Science Laboratory, University of Maiduguri, Nigeria.
Batch digestion test. The biogas unit consisted of the following: -200 ml glass bottle and a thick rubber septum with a flexible rubber tube fixed on the rubber septum through an opening used as biodigester, -a thermostatically controlled water bath with a plastic rack used for agitating and keeping biodigesters in place, -100 and 10 ml plastic syringes and gas pressure gauge, -80% N 2 and 20% CO 2 gas mixture.
Experimental procedure. Sixty millilitres (5.91 g VS) of the degassed inoculum was collected after it was shaken and transferred into a biodigester unit using the 100 ml plastic syringe. Thirty millilitres of the solution of SPM substrate and 1 ml of the nutrient medium were collected and added to the inoculum in the biodigester unit . The combination of the inoculum, substrate and nutrient medium was prepared for the 15% (4.32 g VS), 10% (2.88 g VS) and 5% (1.44 g VS) concentrations of SPM substrate in biodigesters labelled R1, R2 and R3. These contained inoculum to substrate ratios of 1.37, 2.05 and 4.1, respectively, while the control biodigester contained only inoculum. The biodigesters were flushed with the 80% N 2 and 20% CO 2 gas mixture and transferred into the water bath at 35 ± 1°C. The entire biodigester units were agitated for 5 min twice a day. The biogas produced was measured using the gas pressure gauge twice daily at the initial stage and once daily toward the final stage of the process until no more biogas was produced. After every measurement, biogas accumulated was allowed to escape in order to avoid pressure build up that would exceed the pressure gauge capacity. This experiment was repeated 3 times and the average was calculated and recorded as the average biogas produced.
Simulation of biogas production rate and accumulation. The biogas production rates of SPM were simulated using linear and exponential plots. Eq. (1) was used for linear simulation under the assumption that biogas production rate increased linearly to its peak and then decreased linearly to zero. The exponential equation (Eq. 2) was also used to simulate increasing and decreasing stages of biogas production rate under the assumption that production rate increased exponentially to its peak and then decreased exponentially.
where: ) and is negative for decreasing stage Finally, the biogas production accumulation was simulated using first order kinetic and modified Gompertz equations (Eq. 3 and 4): Statistical analysis. Simple descriptive statistical analysis was used to report averages and standard deviations of the experimental data. ANOVA test was used to detect if there was a significant difference of biogas production rate and accumulation due to the effect of I/S ratio. Microsoft Excel software was used to determine equation parameters and to plot graphs.
RESULTS AND DISCUSSION

Characteristics of SPM and inoculum
The results of physicochemical composition analysis of SPM and inoculum are presented in Table 1 . The ash content of SPM was 4.3% which resulted in a high VS/TS ratio of 93.7%. This ratio indicates that SPM could be a suitable substrate for anaerobic digestion. The pH level of SPM was within anaerobic digestion range of 6 to 8.3. 
Biogas production rate and accumulation
The result showed no biogas produced from the controlled biodigester over the entire digestion period. Fig. 1 (a and b) show biogas production rates and accumulation plots of SPM over the digestion period, respectively. It can be seen from Fig. 1a that R1, R2 and R3 biodigesters needed 30, 29 and 27 days to complete digestion, respectively. It appeared that as I/S ratio increased, digestion period decreased and biogas production rates increased. It can also be observed that curves of biogas production rates for R1, R2 and R3 biodigesters exhibited similar pattern over the entire digestion period; R3 biodigester exhibited the max. biogas production rates followed by R2 and R1 biodigesters (Fig. 1b) . The peak (maximum) biogas production rate occurred on the 5 th day for all biodigesters in the order of R3 (0.30526 Nm 3 /kg volatile solids (VS) days), R2 (0.15308 Nm 3 /kg VS days) and R1 (0.11009 Nm 3 /kg VS days). ANOVA showed that inoculum:substrate (I/S) ratio had a significant effect (P < 0.0372) on biogas production rates.
The total accumulated biogas produced was found to be in the order of 1.46784, 0.88177 and 0.57195 Nm 3 /kg VS in R3, R2 and R1 biodigesters, respectively (Fig. 1b) . Raghunathan et al. (2008) reported similar biogas production accumulation Res. Agr. Eng. Vol. 62, 2016 (1) The coefficient of determination (R 2 ) values of falling limbs showed better linear simulation than rising limbs except for R1 biodigester. Exponential regression lines simulating biogas production rates for both limbs are presented in Fig. 3 . The following equations (Eqs. 11 to 16) express the exponential relationship between biogas production rates and digestion period: 
where: B e -biogas production rates exponential estimation (Nm 3 /kg VS) R 2 of the exponential equation of biogas production rates ranged from 0.7718 to 0.9929, where rising limbs showed better simulation than falling limbs except for R1 biodigester. The exponential regression appeared to show better simulation of biogas production rates than the linear regression except for falling limb of R3 biodigester.
First order kinetic and modified Gompertz plots of the biogas production accumulation are present- 
where: B f -biogas production accumulation for first order kinetic equations B G -biogas production accumulation for modified Gompertz equations t -time of digestion period (days) e -constant (2.718282)
CONCLUSION
From the study carried out, the following conclusions can be made: -The SPM had high volatile solids/total solids ratio. -Biogas production rates and accumulation values increased as I/S ratio from 1.37 to 4.1. -The exponential plot generally simulated biogas production rates better than the linear plot due to its higher value of coefficient of determination. -The modified Gompertz plot better simulated biogas production accumulation than the first order kinetic plot. 
